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Extracellular matrix (ECM) has specific effects on cell behavior that influence many aspects of early development. In the early
postimplantation mouse embryo the ECM component laminin promotes polarization and survival of the embryonic ectoderm and formation of
Reichert's membrane. In addition, dynamic patterns of laminins 1 and 10/11 expression in the embryo and the uterus correlate with the progression
of implantation. In the implanting blastocyst, laminin 1 is strongly expressed in the trophectoderm basement membrane, whereas laminin 10/11 is
expressed only in the inner cell mass and polar trophectoderm. In the uterus, laminin 10/11 is strongly expressed in the decidualizing matrix of the
stroma. We show here that laminins 1 and 10/11 have distinct effects on trophoblast cell behavior that influence the process of implantation.
Laminin 1 promotes random migration and decreases spreading, whereas laminin 10/11 promotes both spreading and persistent migration. When
presented as adjacent substrates, cells stop at the boundary and do not enter the region containing laminin 1. Laminin 1 also affects cell–cell
adhesion through changes in the localization of vascular endothelial (VE) cadherin. Cultured cells and primary trophoblast explants become single
cells or very small groups on laminin 1 and VE-cadherin localization at regions of cell–cell contact decreases dramatically. In contrast, trophoblast
cells maintain strong cell–cell contacts on substrates of laminins 10/11, and exhibit strong staining of VE-cadherin in all regions of cell–cell
contact. These effects, and the localization of laminin 1 in Reichert's membrane and laminin 10/11 in the surrounding decidual matrix, suggest that
these laminin isoforms influence the direction and quality of invasion of trophoblast cells during implantation, and provide epigenetic cues that
drive the morphogenesis of the yolk sac placenta.
© 2006 Elsevier Inc. All rights reserved.Keywords: Trophoblast; Cell migration; Laminin; Implantation; Extracellular matrixIntroduction
Cell behavior and tissue morphogenesis are complex events
that are affected by many factors, one of which is the
extracellular matrix (ECM) environment. Interactions with
ECM can cause cells to migrate, in some cases directionally,
to aggregate or to form epithelia, to disaggregate to form
mesenchyme, to proliferate and to differentiate. Cell interac-
tions with ECM can also affect gene expression, directly and
indirectly (Boudreau et al., 1995; Lelievre et al., 1996). These
effects are cell-type specific and depend both on the repertoire
of ECM receptors expressed by the cell and on the expression,
recruitment and activation of intracellular binding partners to
transduce the signal. In this manner, a complex ECM
differentially regulates the behaviors of heterogeneous cell
populations to produce a coherent morphogenetic outcome.⁎ Corresponding author. Fax: +1 434 982 3912.
E-mail address: as9n@virginia.edu (A.E. Sutherland).
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doi:10.1016/j.ydbio.2005.12.033Implantation of the mammalian embryo into the uterus
represents interactions with a novel environment in which it
must form connections with the maternal blood circulation.
On the fourth day of gestation, the blastocyst first attaches to,
and then phagocytoses the uterine epithelial lining, to contact
the underlying basement membrane. At the same time, the
uterine stromal ECM is modified to enhance maternal–
embryonic interactions. The stromal fibroblasts undergo a
process called decidualization, in which they proliferate and
begin to secrete a pericellular basement membrane containing
large amounts of laminin, collagen type IV, heparan sulfate
proteoglycan, and entactin (Glasser et al., 1987; Senior et al.,
1988; Wewer et al., 1986). The uterine decidual cells then
establish contacts with the trophoblast cells of the embryo,
and the trophoblast cells begin to invade the stromal
compartment. As the trophoblast cells invade, they engulf
the decidual cells and intercalate into the maternal capillaries
to establish sites of gas and nutrient exchange with the
maternal blood supply (Welsh and Enders, 1985, 1987). They
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that provide nutrients and oxygen by diffusion through the
parietal yolk sac and Reichert's membrane. Collectively, these
sinuses and the parietal yolk sac are known as the yolk sac
placenta (Cross et al., 1994).
Laminin, in particular, is a critical component of both the
trophectoderm basement membrane and the uterine decidual
matrix. Laminin is a heterotrimer of 3 polypeptide chains, α, β,
and γ, and there are 5 α, 3 β and 3 γ chains, which form 15
different known isoforms. These isoforms have unique
expression and distribution patterns in a wide variety of tissues,
including skeletal muscle, kidney, gum and the nervous system
(Colognato and Yurchenco, 2000; Miner et al., 1997; Patton et
al., 1997; Salmivirta and Ekblom, 1998; Sanes et al., 1998).
Laminins most commonly form a mesh-like network that acts as
a structural element in basement membranes, but many isoforms
are also found in non-basement membrane locations, particu-
larly in the nervous system (Colognato and Yurchenco, 2000;
Koch et al., 1999).
In the non-pregnant uterus, laminins 2/4 and 10/11 are
present in the basement membrane of the uterine epithelium,
and the stromal matrix contains laminins 2/4 and 8/9 (Klaffky et
al., 2001). At the onset of implantation, laminins 2/4 and 8/9
expression disappears from the region of the stroma immedi-
ately surrounding the implanting embryo, and the stromal
fibroblasts begin to express laminins 10/11 strongly as they
undergo decidualization (Klaffky et al., 2001).
During the transition from attachment to invasion, the
differentiating trophoblast cells of the blastocyst encounter
several different isoforms of laminin. When the blastocyst
initiates implantation at E4.5, differentiating trophoblast cells
interact with laminin 1 in their own basement membrane, and
with laminins 2/4 and 10/11 in the uterine basement membrane.
In contrast, trophoblast giant cells of the E7.5 placenta interact
primarily with laminins 1 and 10 in Reichert's membrane, and
with laminins 10/11 in the decidualized stroma (Miner et al.,
2004 and EJ Klaffky, unpublished results). It seems likely, given
the tightly regulated expression of laminin isoforms in the
blastocyst and implantation site, that behavior and differenti-
ation of trophoblast cells may be affected by interactions with
specific laminin isoforms, thereby regulating the structural
formation of the early placenta.
Here, we examine the ways in which those laminin
isoforms expressed during implantation affect trophoblast cell
behavior. Using cultured trophoblast cell lines and explants of
ectoplacental cones (EPC) from E7.5 embryos, we find unique
cell morphology and migratory behaviors on laminin 1 and on
laminins 10/11. When presented as adjacent substrates, the
presence of laminin 1 appears to act to discourage migration
and spreading onto the substrate, while laminin 10/11
promotes extensive spreading, enhanced cadherin mediated
cell-to-cell adhesion and persistent migration. The responses
of trophoblast cells to these different laminin isoforms during
implantation in vivo may both dictate the directionality of
invasion into the uterus and influence trophoblast cell
interactions with decidual cells at the periphery of the
implantation site.Materials and methods
Materials
Laminin 1, purified from the mouse EHS sarcoma, was obtained from BD
Biosciences Discovery Labware. Laminin 10/11 (human placental laminin) was
obtained from either Invitrogen Corporation (previously Gibco BRL, Carlsbad,
CA) or EMDBiosciences Inc. (Calbiochem; San Diego, CA). The laminin 10/11
obtained from these sources was used interchangeably with identical results.
Other cell culture reagents were obtained from Invitrogen Corp. (formerly Life
Technologies Inc.). Antibody to VE-cadherin (sc-6458) was obtained from
Santa Cruz Biotechnology, Inc., Santa Cruz, CA); antibody to tubulin (clone
DM 1A) was from Sigma Chemical (St. Louis, MO). TROMA-1 monoclonal
antibody, developed by P. Brulet and R. Kemler, was obtained from the
Developmental Studies Hybridoma Bank developed under the auspices of the
NICHD and maintained by the University of Iowa, Department of Biological
Sciences, (Iowa City, IA).
Cells and culture conditions
Two different rodent trophoblast cell lines were used; a trophoblast stem
(TS) cell line established from E6.5 extraembryonic ectoderm and the rat
choriocarcinoma cell line Rcho-1. Both lines are propagated as stem cell
populations and can be induced to differentiate by altering the culture conditions
(Faria and Soares, 1991; Tanaka et al., 1998). All cell experiments in this study
were performed using stem cell populations.
The TS cell line was the gift of Dr. Janet Rossant. These cells were routinely
cultured according to published methods as a stem cell population (Tanaka et al.,
1998). The base culture medium for these cells consisted of RPMI medium (Life
Technologies, Gaithersburg, MD) supplemented with 20% fetal calf serum,
glutamine, sodium pyruvate, β-mercaptoethanol, and penicillin/streptomycin
(TSM) (Tanaka et al., 1998). For stem cell culture, fresh TSMwas supplemented
to 70% with TSM that had been preconditioned 3 days on confluent cultures of
primary mouse embryo fibroblasts (MEF), with FGF-4 (25 ng/ml) and with
heparin (1 mg/ml) (TSM-F4H). Stem cells were harvested for assays 2 days after
passage. By Northern analysis, the proliferating stem cell population expressed
the stem cell marker eomesodermin (Ciruna and Rossant, 1999; Russ et al.,
2000) but not the differentiation marker placental lactogen I (PL-I) (Hamlin et
al., 1994) (data not shown). The stem cell population contained 10% cells with
greater than 8N DNA, as assessed by flow cytometry of propidium iodide-
stained cells.
The Rcho-1 cell line was the gift of Dr. Michael Soares (Faria and Soares,
1991). The Rcho-1 cells used in these experiments were a stable line transfected
with a pcDNA3 vector construct containing the 274-bp murine PL-1 (mPL-1)
gene promoter (Shida et al., 1993) upstream of the luciferase gene product
(pGL3-Basic vector, Promega Corp., Madison WI). These cells were passed
every other day as a mixed population containing primarily stem cells in growth
medium (RPMI-1640 medium containing 20% FBS, sodium pyruvate, β-
mercaptoethanol, glutamine, antibiotics, and 250μg/ml G418 (Geneticin, Gibco
BRL, Grand Island, NY).). By morphological analysis, the proliferating
population consisted of 8–15% differentiating cells (Parast et al., 2001), but
did not express detectable levels of PL-I by Northern analysis.
Ectoplacental cone harvest and culture
Embryos at E7.5 of gestation were obtained by natural mating of outbred
ICR mice (Hilltop Laboratory Animals, Scottsdale, PA). On the appropriate day
following the detection of a vaginal plug (indicating that mating had occurred)
uteri with implantation sites were removed, the embryos were dissected from the
implantation sites, and then the ectoplacental cone was dissected from each
embryo. The explants were cultured in TSM-F4H in 35 mm culture dishes
(Greiner).
Time-lapse video microscopy
Cells or explants were plated on 35 mmGreiner tissue culture dishes that had
been previously coated with laminin substrates (1.25 ml of a 10 μg/ml solution
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(embryo tested, Sigma Chemicals). The cultures were overlaid with mineral oil
and incubated in a PDMI-2 stage incubator (Harvard Apparatus, Boston MA) on
an Olympus IX70 microscope equipped with phase optics. Digital images were
collected every 120 s (cells) or 180 s (EPC explants) over a period of 18 h (cells)
or 72 h (EPC explants). Images were captured using a Hamamatsu Orca camera
driven by Openlab 2.0 software on a Macintosh G3 computer. Migration
analysis on cultured cells was performed on the resulting video for the segment
representing the 8-h period from 5 to 13 h of imaging. Migration of EPC
explants was analyzed for 13 h from the onset of spreading (Laminin 10/11—5
h, mixed isoforms—18 h, Laminin 1—20 h) using Openlab 2.2.5. Raw data
were transferred to Microsoft Excel for statistical analysis by ANOVA followed
by the Student–Newman–Keuls test (Glantz, 1992).
Transwell migration experiments
Transwell migration experiments were performed using Rcho-1 cells.
Transwell filters (Costar-Corning Inc, Corning, NY) were inverted, coated with
laminin proteins (10 μg/ml) in CMF-PBS, 2 h at 37°, washed with CMF-PBS,
blocked in CMF-PBS/1% BSA for 1 h at 37°C prior to plating the cells on the
other side. Rcho-1 cells were plated at the density of 5.0 × 104 cells/transwell in
TSM medium and allowed to migrate for 18 h. Cells were removed from the top
of the filter by scraping. The remaining cells on the bottom of the filter were
fixed in 4% formaldehyde for 10 min, stained with 0.2% crystal violet for 15
min, and then washed three times with water. The stain was extracted with 250
μl 1%SDS for 30 min, and quantified by measuring OD 595 utilizing a plate
reader (Molecular Devices, Palo Alto, CA). The raw data was analyzed for
statistical significance using ANOVA followed by the Student–Newman–Keuls
test (Glantz, 1992).
Fluorescent dot migration assays
Dot assays were adapted from a published technique (Lagenaur and
Lemmon, 1987; Patton et al., 1998). Culture dishes (35 mm) were coated with a
solution of nitrocellulose (BA85 Schleicher and Schuell, Keene, NH) dissolved
in methanol, air dried, and dotted with one of the isoforms of laminin (either
laminin 1 or laminin 10/11) at 100–40 μg/ml in CMF-PBS containing 2 mM
EDTA and 1 mg/ml sulforhodamine-101 (Sigma Chemicals). These dishes
were then incubated at room temperature in a humidified chamber for 2–5 h,
washed 3× in PBS, and overlaid with a second laminin isoform at 10 μg/ml in
PBS for 2 h at room temperature. Following this second incubation, the dishes
were washed repetitively in CMF-PBS/1% BSA and used immediately for
filming.
Immunofluorescence, Western blotting, and whole-mount in situ
hybridization
Expression of specific antigens (cadherins, actin, tubulin, intermediate
filaments) or genes (mPL-I, MASH-2. Tpbp, proliferin) was examined in cells
and ectoplacental cone explants cultured on either laminin 1 or laminin 10/11
substrates on plastic. Ectoplacental cones were explanted onto substrates of
either laminin 1 or laminin 10/11, and cultured for 48 h. Rcho-1 cells were plated
onto 12 mm round coverslips and cultured overnight. For either immunoflu-
orescence or in situ hybridization, cells and explants were fixed for 15 min in
3.7% formaldehyde, and washed three times with PBS/Ca-Mg.
For immunofluorescence analysis the fixed samples were permeabilized
with 0.1% Triton X-100 in PBS/Ca-Mg. Nonspecific binding was blocked by
incubating in PBS–5% BSA, and the explants were then incubated with primary
antibody or with phalloidin for 1 h, washed in a large volume (∼ 200 ml) of
PBS-TW20, incubated with a solution of secondary antibody in PBS–0.5%
Tween 20 (PBT), washed in PBT, and coverslips were mounted with Gel/Mount
(Biomeda Co.). The preparations were then viewed on a Zeiss microscope
equipped with a Hamamatsu Orca digital camera, images were captured using
Openlab 2.0 (Improvision, Coventry, England) and processed using Adobe
Photoshop (Adobe Corp., San Jose, CA).
For in situ hybridization, digoxigenin-labeled sense and antisense RNA
probes were synthesized from linearized plasmids using the appropriatepolymerase (SP6, T3, or T7). The fixed ectoplacental cone explants were
rinsed with triethanolamine (TEA), and then with TEA containing acetic
anhydride, and then washed in PBS–0.5% Tween-20. Following refixation in
4% paraformaldehyde, the samples were washed, preincubated overnight in
hybridization buffer at 60°C, then hybridized with specific probe for 24–48 h at
60°C. The samples were then washed at low stringency, treated with RNase,
washed at high stringency, preincubated with BMB and lamb serum, and then
with alkaline phosphatase-conjugated anti -digoxigenin antibody overnight at
4°C. After extensive washing with maleic acid buffer containing 0.1% Tween-
20, the samples were reacted with BCIP-NBT until the resulting precipitate was
obvious. The samples were then observed and photographed on an Olympus
SZX-12 stereoscope equipped with a Q5 color camera linked to a Macintosh
computer. The resulting images were manipulated with Adobe Photoshop CS.
For Western blotting, unfixed explants were lysed in boiling sample buffer,
scraped from the dish and drawn through a 26-gauge needle to shear the DNA.
The lysates were run into a 12% SDS-PAGE gel, and then transferred to
nitrocellulose paper (Stratagene, La Jolla, CA). The blot was incubated
overnight at 4°C in a 0.5% BSA primary antibody solution, washed in PBS–
0.5% Tween-20, and then incubated with HRP-conjugated secondary antibodies
(Sigma Chemical) for 1 h. After washing the antigens were detected by
chemiluminescence (Pierce Chemical). The blot was probed first for VE-
cadherin and then for tubulin. The results were quantitated by densitometry, and
the expression of VE-cadherin was normalized to the amount of tubulin for each
sample.
Luciferase assays
Molecular differentiation was determined by assaying for luciferase activity
in two Rcho-1 cell lines stably transfected with a plasmid (pGL3) containing the
274-bp minimal promoter from the mouse placental lactogen I (mPL-1)
promoter driving luciferase expression. The assay was performed using a
luciferase assay system from Promega Life Sciences (Madison, WI) in
accordance with the manufacturer's directions. Rcho-1 cells plated upon
laminin substrates in 6-well plates were harvested at 24, 48, and 72 h in reporter
lysis buffer, subject to freeze–thaw, centrifuged to remove cell debris, and the
lysates was then assayed for activity using a Zylux femtomaster FB12
luminometer. Reserved supernatant was subject to protein assays. Luciferase
assay results were normalized for protein concentration of individual samples.
Triplicate samples were collected for each assay, and assays were performed on
three individual occasions. Rcho-1 cell differentiation on substrates was induced
at the time of plating by culturing cells in TS differentiation medium,
substituting 10% horse serum for 20% FBS.Results
Trophoblast cells and cell lines display distinct and specific
morphologies on different laminin isoforms
Laminins 1 and 10/11 are the major isoforms expressed in
the embryo and in the uterine decidua during implantation
(Klaffky et al., 2001; Miner et al., 2004). To determine what role
these isoforms may play in implantation and placentation, we
analyzed the cellular morphology of the cultured trophoblast
cell lines, Rcho-1 and TS, on substrates of laminin 1 and
laminin 10/11. Measurements of the projected area of 40 cells
show that both TS and Rcho-1 cells were highly spread on
laminin 10/11. In contrast, they were significantly less spread on
laminin 1, the projected area being less than half that of cells
on laminin 10/11 on average (Fig. 1). Trophoblast cells plated
on an equal mixture of laminin 1 and laminin 10/11 exhibited
an intermediate degree of spreading (Fig. 1).
We used explants of ectoplacental cone (EPC) from E7.5
embryos to extend the observations made on cultured cells to in
Fig. 1. Trophoblast cell morphology on different laminin isoforms. Images of Rcho-1 and TS cells were obtained 13 h after plating on either laminin 1 (Ln 1), laminin
10/11 (Ln 10/11) or a 50:50 mixture of laminin 1 and laminin 10/11(Ln 1 and 10/11). The graphs depict the mean area of cell spreading, measured in μm2 ± SEM for 40
cells on each substrate. The means were compared statistically using ANOVA followed by the Student–Newman–Keuls test, and bars labeled with the same letter are
significantly different from one another (a, P b 0.001; b, P b 0.01). The movies from which these images were taken are included in the supplemental data as Movies 1,
2, and 3 (Rcho-1 cells) and 4, 5, and 6 (TS cells). Scale bars = 100 μm.
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EPC explants cultured on laminin 1 exhibited minimal
spreading; appearing as either spindle-like or rounded cells of
minimal projected area (Figs. 2A, B, G). In contrast, trophoblast
cells migrating out of EPC explants on laminin 10/11 were well-
spread cells with a large projected area, and with large
lamellipodia at their leading edges (Figs. 2C, D, G). Explants
cultured on mixed substrates of laminin 1 and laminin 10/11
mirrored the morphology of the trophoblast cell lines, with anFig. 2. Ectoplacental cone morphology on laminin isoforms. Images of ectoplacental
explants exhibit the greatest outgrowth on Ln 10/11 (C), the least on Ln 1 (A) and a
individual cells on each substrate parallels the outgrowth of the explant (B, D, and F)
the mixed substrate (F). (G) Graph showing the mean cell area ± SEM on each sub
compared statistically using ANOVA followed by the Student–Newman–Keuls test, a
and c, P b 0.0001; b, P b 0.006). The movies from which these images were taken arintermediate level of overall spreading from the core of the
explant, as well as an intermediate level of spreading of
individual cells (Figs. 2E, F, G).
Trophoblast cells and cell lines display specific migratory
behaviors on laminin isoforms
Detailed cell tracking analysis of cultured trophoblast cells
was performed on time-lapse movies during the 8-h periodcone explants on Ln 1 (A, B) Ln 10/11 (C, D) and Ln 1 and Ln 10/11 (E, F). EPC
n intermediate phenotype on a mixed substrate (E). The degree of spreading of
. Spread area was greatest on Ln10/11 (D), least on Ln 1 (B) and intermediate on
strate measured for 40 cells at the periphery of the explants. The means were
nd bars labeled with the same letter are significantly different from one another (a
e included in the supplemental data as Movies 7, 8, and 9. Scale bars = 100 μm.
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motile behavior were analyzed, including protrusive activity
(extension of cellular protrusions from the main body of the
cells), translocation (movement of the center of the cell from
one point to another), and persistence of migration
(efficiency of translocation, measured as the quotient of
the distance between the starting point and the ending point
divided by the total distance migrated (Do/Dt)). Both Rcho-
1 and TS cells cultured on laminin 1 exhibited rapid and
random translocation, whereas on laminin 10/11 they
showed decreased rates of translocation and protrusive
activity (Fig. 3A, Movies 1–6 in supplemental materials).
Cells on the mixed substrate generally exhibited behaviors
similar to those observed on laminin 10/11, however, TSFig. 3. Trophoblast cell migration on laminin substrates. (A) Each spider graph is a com
and of 10 individual cells for EPC explants. The migratory paths were traced from tim
the onset of spreading (EPC). The origin, or starting point, of each migratory path for
the distance traveled for each cell, the larger the composite graph becomes. (B) For ea
point on the migratory path (Do or displacement from origin) was divided by the
representing the persistence of migration. For cells exhibiting more persistent migratio
substrate were analyzed statistically using ANOVA and the Student–Newman–Keu
another (a, P b 0.002; b, P b 0.03). Bars = 100 μm for Rcho-1 and TS cells, 200 μcell migration appeared to be increased slightly by the
addition of laminin 1 (Fig. 3A). Neither Rcho-1 nor TS cells
showed any persistence of migration on either laminin
substrate (Fig. 3B).
Individual EPC cell behavior was also examined by cell
tracking analysis of time-lapse videos. On laminin 1, the cells
exhibited random non-directional migration, as well as
decreased cell–cell interactions (Figs. 2, 3; Movie 7 in
supplemental materials). Overall, fewer trophoblast cells
migrated away from the center of the explant on laminin 1
substrates (Fig. 3), and those that did migrate remained as
individual cells or small groups of cells. The majority of the
cells of the explants remained as an intact central mass (Figs. 2,
3; Movie 7 in supplemental materials).posite of the migratory paths of 20 individual cells for Rcho-1 and TS cell lines,
e-lapse recordings over a period of 8 h after plating (Rcho-1 and TS) or 13 h after
a particular substrate is placed at the central point of the graph. Thus, the greater
ch cell whose track is shown above, the distance between the origin and the final
total length of the migratory path (Dt or distance traveled) to generate a ratio
n, this ratio increases towards one. The mean ratios for all cells measured on each
ls test. Means labeled with the same letter are significantly different from one
m for cells from EPC explants.
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from EPC explants plated on laminin 10/11 showed a strong
affinity for the substrate, spreading rapidly, usually within a
period of 24 h. The cells migrating out of the explants
maintained cell-to-cell contacts and appeared to move as a
cohesive sheet from the explants' periphery (Fig. 2; Movie
8 in supplemental materials). These cells migrated rapidly out
from the core of the explants, resulting in the flattening and
loss of most of the central mass of the explant (Fig. 2; Movie
8 in supplemental materials). EPC cells migrating on laminin
10/11 showed high persistence of migration, moving out of
the EPC explants in nearly straight trajectories (Fig. 3; Movie
8 in supplemental materials). Here, migration from the
explant on laminin 10/11 is uniform from the explants center,
as tracked cells migrated almost equal distances.
On a mixed substrate, a greater number of cells migrated
away from the explants than on laminin 1 alone, however, the
cells exhibited decreased migration away from the center of the
explant and a decrease in intercellular contacts (Fig. 2;
supplemental movie 9). Trophoblast cells migrating on a
mixed substrate displayed an intermediate phenotype, in
which migration from the explants is significantly more
persistent than that on laminin 1 (Fig. 3B), but somewhat less
so than that on 10/11 alone (Fig. 3B). Cells on a mixed substrate
displayed less migration than on 10/11, and ceased to migrate
when reaching a certain distance from the explant.
Given the very pronounced differences in trophoblast cell
morphology and motility on laminins 1 and 10/11, we
anticipated that there would be corresponding differences in
cytoskeletal organization or in focal adhesion formation. To test
this assumption, we stained cells cultured on each substrate with
either rhodamine-labeled phalloidin (to examine actin organi-
zation), antibodies to tubulin (to examine microtubule organi-
zation), or with antibodies to several focal adhesion proteins;
vinculin, talin, and paxillin. We also investigated the relative
activity of the Rho family GTPases Rac1 and RhoA in cells
cultured on laminins 1 or 10/11. Rac1 activity leads to increased
motility and formation of lamellipodia, while RhoA activity
leads to increased stress fiber and focal contact formation, and a
decrease in motility (Hall et al., 1993; Nobes and Hall, 1995;
Ridley, 1994). Interestingly, we observed no obvious differ-
ences either in actin or microtubule organization in either Rcho-
1 or TS cells cultured on laminin 1 and laminin 10/11
(Supplemental Fig. 1), or in focal adhesion formation
(Supplemental Fig. 2). Cells on either laminin substrate
exhibited few focal adhesions, no stress fibers, and randomly
oriented microtubules. Effector binding domain pulldown
assays for the activity of Rac1 and RhoA also showed no
differences in the overall activity of these proteins on either
substrate (Supplemental Fig. 1).
We next tested whether the different isoforms of laminin
either promote differentiation of cells to giant cells, or
differentially promote migration of distinct subtypes of
trophoblast cells that have different morphology and behavior.
To test whether either laminin isoform is either promoting or
restraining giant cell differentiation, we established stably
transfected Rcho-1 cell lines that carry a plasmid containingluciferase under the control of the mouse placental lactogen-I
(mPL-I) promoter. The mPL-I gene is one of the earliest
markers of trophoblast giant cell differentiation (Colosi et al.,
1987) making this transgene a good reporter of the onset of
giant cell differentiation. We then measured luciferase expres-
sion in cells on either laminin 1 or laminin 10/11. Neither
substrate induced expression of luciferase as compared to the
control (Supplemental Fig. 3), nor did either substrate affect the
onset of luciferase expression in differentiating cultures as
compared to the control (data not shown).
To test whether either substrate promotes the migration of
different populations of trophoblast cells, we performed whole
mount in situ hybridization on EPC explants on either laminin 1
or laminins 10/11. We used the following markers: Mash 2 for
undifferentiated trophoblast cells, mPL-I and proliferin for
differentiated trophoblast giant cells, and Tpbp for differenti-
ated spongiotrophoblast cells. There were no differences in the
expression of any of these markers between EPC explants on
laminin 1 or laminin 10/11 (Supplemental Fig. 4). Interestingly,
however, the cells that migrate out onto the substrate, either
laminin 1 or laminin 10/11, express Mash 2, but not any of the
markers of differentiated trophoblast (Supplemental Fig. 4).
These results demonstrate that neither laminin 1 nor laminin
10/11 affect the state of differentiation of trophoblast cells. In
addition, these two laminin substrates affect neither the general
organization of the actin or tubulin cytoskeleton nor the overall
level of activity of Rho, Rac or Cdc42.
Trophoblast cell lines and EPC explants demonstrate
differential recognition of laminin isoforms
Observations that laminin isoform recognition affects
trophoblast cell behavior lead to the hypothesis that their
differential expression in vivo may influence migration and
invasion by trophoblast cells. To investigate the effect that
laminin isoforms have on the migratory capacity of trophoblast
cells, we performed Transwell migration assays using Rcho-1
cells.
Rcho-1 cells were placed on the top side of Transwell filters
which were coated on the bottom side with laminin 1, laminin
10/11, a mixture of the two, or with BSA as a neutral control
(neither promoting nor inhibiting transmigration). After 18 h of
culture, the number of cells that had migrated to the bottom of
the filter was measured. Consistent with the increased spreading
seen on laminin 10/11, significantly more Rcho-1 cells migrated
through the filter when the bottom side was coated with laminin
10/11 compared with the BSA control (Fig. 4). However, when
the bottom of the filter was coated with laminin 1, Rcho-1 cell
migration was significantly reduced compared to the BSA
control (Fig. 4). When filters coated with a mixture of laminins
1 and 10/11, Rcho-1 cell migration was similar to the BSA
control; it was significantly reduced compared to laminin 10/11
alone, and significantly greater than on laminin 1 alone (Fig. 4).
These observations show that trophoblast cells are able to
distinguish between laminin isoforms, and suggested that
laminin 1 interactions have an inhibitory effect on trophoblast
cell migration, while laminin 10/11 interactions enhance
Fig. 4. Transwell migration of Rcho-1 cells onto laminin isoforms. Rcho-1 cells
were plated in transwell chambers whose bottom surfaces were coated with a
laminin isoform or with BSA, and were cultured for a period of 18 h. The cells
were removed from the top of the filter and the cells on the bottom were stained
to determine the relative amount of cell transmigration that had occurred during
that time. The mean amounts of transmigration towards each substrate were
compared by ANOVA followed by the Student–Newman–Keuls test. Means
labeled with the same letter are significantly different from one another (a, b, and
c, P b 0.01; d and e, P b 0.05).
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to the other, as a mixture of the two isoforms has an intermediate
effect on cell migration.
The differential response of Rcho-1 cells to laminins 1 and
10/11 was explored further by offering individual cells a choice
between two substrates, using a previously described fluores-
cent substrate dotting technique (Lagenaur and Lemmon, 1987;
Patton et al., 1998). This method creates two unique matrices
for interactions, a mixed matrix in the areas where a laminin–
rhodamine mixture underlies a second laminin isoform, and a
single laminin matrix present in all areas lacking the fluorescent
substrate dots.
Rcho-1 cells exhibited a striking response to the choice of
laminin substrates. Cells at the boundary of fluorescent dots
containing laminin 1 overlaid with laminin 10/11 aligned
preferentially around the outside of the area containing lamininFig. 5. Rcho-1 cells exhibit differential response to laminin substrates. (A) Rcho-
1 cells were plated on fluorescent dotted matrices of laminin 1 overcoated with
laminin 10/11 (Ln 1 + Ln 10/11 within the dot marked with a dotted line, Ln 10/
11 in all other areas). The cells on the region containing Ln10/11 alone are more
spread, and they exhibit almost no migration onto the area containing laminin 1.
The original movie from which these images were taken is included in the
supplemental files as Movie 10. (B) Rcho-1 cells were plated on matrices made
in the opposite way; fluorescent dots containing laminin 10/11 were overcoated
with laminin 1 (Ln10/11 + Ln1 within the dot marked with the dotted line, Ln 1
in all other areas). In this case, cells from the laminin 1 only region migrated
onto the laminin 10/11-containing dot and spread. Arrows indicate cells that
have crossed the boundary. The original movie from which these images were
taken is included in the supplemental files as Movie 11. (C) Measurements of
cell area for two individual cells taken from the time-lapse video illustrated in
panel B show the dynamics of the change in spreading as the cells go from one
substrate to the other. The spread area of each cell was measured at several times
just before (Ln 1 only) and just after (Ln 10/11 + Ln 1) the cells crossed the
boundary. A vertical line indicates the time of boundary crossing. (D)
Measurement of the change in spread area of 10 cells before and after crossing
the boundary from a laminin 1 substrate onto the laminin 10/11 containing dot.
Scale bars = 10 μm.1 (Fig. 5A; Movie 10 in supplemental materials). Cells that
extended protrusions into the laminin 1-rich dot would
subsequently retract their protrusions and remain spread on
laminin 10/11. Cells that were originally within the dot
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unless they happened to extend protrusions onto the surround-
ing laminin 10/11 substrate. Those cells contacting the
surrounding laminin 10/11 migrated out of the dot and spread
on the laminin 10/11 area. This behavior led to a clear area at the
periphery of the dot, and a line of cells at the margin where the
dot and the background substrate met (Fig. 5A; Movie 10 in
supplemental materials). Consistent with these results, cells
interacting with substrates plated in the opposite fashion
(laminin 10/11 in the dots, laminin 1 overlaid) remained on
the laminin 10/11-containing substrate even if they extended
protrusions onto the surrounding laminin 1 substrate (Fig. 5B;
Movie 11 in supplemental materials). In addition, cells on the
surrounding laminin 1 substrate that extended protrusions onto
the laminin 10/11-containing dot preferentially migrated onto
the dot area and spread on the dot (Fig. 5B—arrows).
Measurement of the spread area of individual cells before and
after crossing the boundary of the dot indicate that trophoblast
cells rapidly increased their spread area after crossing onto the
laminin 10/11-containing matrix (Figs. 5C, D).
This differential response was exhibited throughout the
period of recording and for at least 48 h beyond. These results
indicate that trophoblast cells prefer laminin 10/11 to laminin 1
as a substrate for spreading and migration. In fact, trophoblast
cells will preferentially spread on a substrate that contains the
least amount of laminin 1. Thus, when cultured on substrates
that have laminin 10/11 dots overlaid with laminin 1,
trophoblast cells will preferentially spread on the mixed
substrate of the dots and avoid the laminin 1 substrate
surrounding the dots. But when cultured on substrates that
have laminin 1 dots overlaid with laminin 10/11, trophoblast
cells will now avoid the mixed substrate of the dot to spread on
the surrounding laminin 10/11 substrate.
We also performed these assays using EPC explants, which
responded to each laminin isoform similarly to the Rcho-1 cells
and exhibited preferential affinity for and spreading on laminin
10/11. Explants cultured on laminin 10/11 dots overlaid with
laminin 1 remained within the area of the dot, and cells
migrating out of the explant spread preferentially within the dot.
Whole explants placed on the laminin 1 substrate surrounding a
laminin 10/11-containing dot would translocate onto the dot
before individual trophoblast cells began to migrate out (Fig.Fig. 6. Ectoplacental cones exhibit a preference for laminin 10/11. (A) EPC
explants plated at the boundary of a fluorescent dot containing laminin 10/11
overlaid with laminin 1 show a clear preference for interactions with Ln 10/11.
After 20 h, both cones have migrated onto the Ln 10/11-containing dot. The
boundary of the dot is marked by the dotted line. The original movie of these
explants is included in the supplemental data as Movie 12. (B) When EPC
explants are placed at the boundary of an laminin 1 containing dot, cells migrate
out of the cone align, in a manner similar to Rcho-1 cells, at the interface of the
Ln1 containing substrate, preferentially spreading on the substrate containing
laminin 10/11 alone. The boundary is marked by the dotted line. The original
movie of these explants is included in the supplemental data as Movie 13. (C)
Enlarged view of the region enclosed within a box in the last image in panel B.
Cells on laminin 10/11 (black arrow) are more well spread and maintain more
cell to cell contact than those on the mixed substrate containing both laminin 1
and laminin 10/11 (black arrowhead). Scale bars = 20 μm.6A; Movie 12 in supplemental materials). In contrast, cells from
EPC explants cultured at the boundary of a laminin 1 dot
overlaid with laminin 10/11 spread and migrate preferentially
on laminin 10/11, along the boundary of the laminin 1 dot (Fig.
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some of the cells are forced onto the mixed substrate of the dot
by the population pressure of cells behind. These cells became
rounded, had less interaction with the matrix and lost cell–cell
interactions, whereas those cells remaining on the laminin 10/11
background remained as a coherent sheet (Figs. 6B, C).
These results show that trophoblast cells respond to laminin
1 by minimizing their interactions with this ECM component. It
affects their behavior by reducing spreading and decreasing
intercellular adhesion. In contrast, trophoblast cells respond
positively to laminin 10/11, by exhibiting enhanced spreading
and transmigration, and by maintaining intercellular adhesion.
Interactions with laminin 1 affect cadherin localization
In light of the effects of laminin 1 substrates on cell–cell
cohesion in EPC explants, we examined the localization and
expression of cadherin protein in explants cultured on the two
substrates. Using antibodies to E-cadherin, P-cadherin, and VE-
cadherin, we found that on either laminin 1 or laminin 10/11
substrates, the trophoblast cells migrating away from the
explants expressed only VE-cadherin, while those still in the
mass of the explant expressed P-cadherin (data not shown).
When spreading on laminin 1, fewer cells were in contact with
one another, but where they did make contact, they showed faint
localization of VE-cadherin (Fig. 7A). In contrast, whenFig. 7. Laminin isoforms differentially affect cadherin localization in trophoblast cel
explants express VE-cadherin, which localizes to the sites of intercellular interaction.
cell–cell contact, whereas on laminin 10/11, it is very prominently localized to these s
shows that expression of VE-cadherin is not decreased in cells on laminin 1, in fact w
cadherin present in these lysates.spreading on laminin 10/11, there was robust localization of
VE-cadherin to the sites of cell–cell interaction (Fig. 7A). To
determine whether this was due to changes in the overall level
of expression of VE-cadherin, we did Western blots on lysates
of explants cultured on the two substrates. When normalized to
the level of expression of tubulin, the amount of VE-cadherin
detected in explants cultured on laminin 1 was 1.7 fold greater
than that detected in explants cultured on laminin 10/11 (Fig.
7B). These results demonstrate that interactions with laminin 1
substrates affect the localization of VE-cadherin, but not the
level of its expression.
Discussion
Laminin regulates cell behavior in an isoform- and cell
type-specific manner
The ECM protein laminin has diverse functions, from
basement membrane formation to regulating cell polarity and
migration, some of which can be attributed to the large number
of compositional isoforms of laminin subunits. It is now clear
that individual laminin isoforms function in very specific ways
during tissue morphogenesis, and that cells' response to laminin
is both isoform-specific and cell-type specific. A very elegant
example of this is the role of laminin isoforms in directing the
architecture of the neuromuscular junction (Cho et al., 1998;ls migrating away from EPC explants. (A) The cells migrating away from EPC
On substrates of laminin 1, there is very little VE-cadherin present in regions of
ites. (B) Western blotting of lysates of EPC explants on either laminins 1 or 10/11
hen normalized to the expression of tubulin by densitometry, there is more VE-
286 E.J. Klaffky et al. / Developmental Biology 292 (2006) 277–289Patton et al., 1998). Laminin 11 is specifically localized to the
basement membrane of the neuromuscular junction, whereas
laminin 2 is found throughout the basement membrane
surrounding the muscle cells. Laminin 11 is highly adhesive
for neurons and acts as a stop signal for migration (Cho et al.,
1998; Patton et al., 1997). However, this same isoform is anti-
adhesive for Schwann cells. Thus, the specific localization of
laminin 11 leads motor neurons to adhere and stop migrating
specifically at the sites of synapses and prevents the neuron
from becoming displaced by accompanying Schwann cells.
Laminin isoforms are also expressed and distributed in a
highly regulated way in the mouse blastocyst and in the uterus at
the time of implantation (Klaffky et al., 2001; Miner et al.,
2004). In the blastocyst, laminin 1 is present in the ICM and
under both the mural and polar TE, while laminin 10 is localized
only in the ICM and under the polar TE. In the uterus, the
normal distribution of laminins 2,4, 8 and 10 in the non-
pregnant stroma gives way to a high level of expression of
laminin 11 in the decidualized stroma (Klaffky et al., 2001 and
unpublished data). These patterns of laminin expression suggest
that they may have specific effects on trophoblast function
during implantation. In this study, we have examined the effect
of individual laminin isoforms on trophoblast cell spreading and
migration, and have found that laminin 1 and laminin 10/11 are
key regulators of trophoblast cell behavior and morphology.
Laminin isoforms promote unique morphologies of trophoblast
cells in vitro
Laminins 1 and 10/11 have distinctly different effects on the
behavior of trophoblast cells in vitro when presented as a
uniform substrate. Laminin 1 increases motility and reduces
spreading, while laminin 10/11 increases spreading and reduces
migration. However, these relatively simple differences seen in
cultured trophoblast cell lines (Rcho-1 and TS) have added
nuances both in the context of primary trophoblast cells from
the EPC, and when the two isoforms are presented as alternative
choices, such as would be seen in vivo. Under these
circumstances it becomes clear that laminin 1 acts as a non-
permissive substrate for trophoblast cell invasion/migration,
while laminin 10/11 acts to promote trophoblast migration.
When EPC explants were cultured on laminin 1, very few
individual cells migrated away from the explant, but in fact
the entire explant migrated (Fig. 6; Movies 7 and 12 in
supplemental materials). The migration of the entire explant is
likely due to increased motility of the cells at the bottom of
the explant, which are in contact with the substrate. The fact
that very few of these cells migrated away from the explant
suggests that instead of generally increasing cell migration as
one might conclude from the Rcho-1 and TS cell results,
laminin 1 causes cells to minimize their contact with it. In the
case of the Rcho-1 and TS cells, all the cells were dispersed
on a uniform substrate, and each individual cell, or small
groups of cells, acted to minimize their contacts with laminin
1, resulting in increased motility and decreased spreading. In
contrast, the EPC cells were collected in a mass from which
they could either migrate out onto the substrate or not. In thiscase, the cells in contact with the substrate acted to minimize
their contacts and did not migrate away from the mass. As a
result, the rest of the cells in the explant did not come into
contact with the substrate. Thus, the increase in motility seen
on laminin 1 substrates may represent increased turnover of
cell–substrate adhesions to minimize contact with the
substrate.
These observations are consistent with the results of both the
fluorescent substrate dot experiments and the transwell
migration experiments (Figs. 4–6). When either Rcho-1 or
EPC cells were presented with two adjacent substrates, they
preferentially avoided the substrate containing laminin 1. In the
transwell assays, this led to a significant decrease in the number
of cells that migrated to the bottom of the filter, and in the
fluorescent dot assays it led them to form a boundary at the
interface of the two substrates.
In contrast, when EPC explants were cultured on laminin 10/
11 substrates, the EPC cells spread extensively, leading to
significant migration of cells away from the explant. In fact,
most of the cells migrated out, and very little of the original
mass was left at the end of 72 h. Interestingly, this migration did
not lead to migrating groups of cells, but rather to a coherent
sheet of spread cells. These observations suggest that the EPC
cells preferentially maximize their contact with laminin 10/11,
similar to the behavior of Rcho-1 or TS cells. However, in the
case of the EPC explants, the cells exhibited a significant
amount of persistent migration, unlike the cultured cells. This
can be interpreted in two ways. First, the interactions of the EPC
cells that are in contact with the substrate may lead them to
spread outward, creating spaces for more cells to interact with
the substrate and spread, which pushes the outer cells further
away. Alternatively, as the EPC cells intrinsically exhibit more
persistent migratory behavior than Rcho-1 cells (Parast et al.,
2001), their intrinsic migratory behavior may be stimulated by
contact with laminin 10/11. Thus, when the explant is placed on
the substrate, the cells in contact with laminin 10/11 begin to
migrate, and cells above them come into contact with the
substrate, leading to progressive activation of migration of more
and more of the mass of the explant.
Interestingly, laminin 1 and laminin 10/11 also had
differential effects on cell–cell adhesion. In both the primary
trophoblast cells and the cultured cell lines, the interactions
with laminin 1 led to loss of cell–cell adhesions, while
interactions with laminin 10/11 promoted cell–cell adhesion.
This was observed most clearly in the EPC explants, and
particularly in the fluorescent dot experiments (Fig. 6), where
cells that were interacting with laminin 1 are rounded and
separate, while neighboring cells on laminin 10/11 are more
epithelial in character. This is likely due to changes in either the
recruitment to or maintenance of cadherins in regions of cell–
cell contact, as immunofluorescence assays showed a distinct
decrease in the amount of VE-cadherin that was localized at the
cell–cell contacts in explants cultured on laminin 1. It is not due
to a decrease in expression of cadherin protein, as densitometry
of Western blots actually showed an increase in the total
amount of VE-cadherin protein present within the cells cultured
on laminin 1.
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different effects on cell spreading, cell–cell adhesion, and
migration suggest that there should be differences in the
arrangement of the actin cytoskeleton and focal adhesion
proteins in cells interacting with laminin matrices. In particular,
we might expect that cells on laminin 10/11 would exhibit more
focal adhesions and stress fibers than those on laminin 1 would,
since they are much more spread. However, we did not find this
to be the case. We found a lack of organized focal adhesions and
stress fibers on both laminins 1 and 10/11. In addition,
examination of the organization of microtubules revealed no
obvious differences between cells cultured on laminin 1 versus
laminin 10/11. These data are consistent with observations
made in other systems. Human lung adenocarcinoma cells and a
lung epithelial cell line exhibit greater spreading on laminin 10/
11 than on laminin 1 (Ferletta and Ekblom, 1999; Kikkawa et
al., 1998), with no concurrent changes in cytoskeletal
organization or focal adhesion formation (Gu et al., 2001).
Recent work in microvascular endothelial cells detected no
significant differences in cytoskeletal organization or focal
adhesions on laminins 8 and 10, but did find a significant
increase in Rac activation in endothelial cells on both laminin
isoforms as compared to fibronectin (Fujiwara et al., 2004).
These results suggest that laminin receptors overall are more
likely to activate Rac 1-dependent intracellular signals than are
fibronectin receptors, but that the difference in behavior on
individual laminin isoforms is due to other, parallel signaling
pathways. These results may reflect the complex conditions of
cells in vivo that signal through multiple pathways to dictate cell
shape, behavior, and survival.
The results described here show that interactions with
laminin 1 discourage trophoblast cell migration and spreading
in a way that appears to dominate their other interactions. In the
fluorescent dot assays, both Rcho-1 and EPC cells preferFig. 8. Model of laminin influences on trophoblast behavior and architecture. (A)
basement membrane. A change in integrin receptor expression may change their behav
the underlying basement membrane and extend protrusions in the outward direction. (
with a mixed laminin substrate of laminins 1 and 10. At this stage, laminin 10 may pr
effectively forming a boundary. Trophoblast cells located more peripherally are in co
invasion.substrates with less laminin 1. Thus, the mixed substrate that
was preferred to pure laminin 1 is shunned when the alternative
is a substrate of pure laminin 10/11. This is not a universal
cellular response to laminin 1 (Cho et al., 1998; Patton et al.,
1998), but is typical of some other cell types. For example, in
the retina, laminin 1 strongly increases the motility and
protrusive activity of Muller glial cells causing extensive
arborization. The specific localization of laminin 1 in the eye
thus defines the position of the inner limiting membrane during
development, creating a functional barrier made up of a network
of Muller glial endfeet (Mehes et al., 2002).
Laminin isoform influences on trophoblast cell invasion and
placental formation
These results provide new insights into the role of laminin
isoforms in implantation, and suggest a mechanism by which
they may regulate the morphogenesis of the yolk sac placenta.
At the onset of implantation, the mural TE cells are in contact
with a basement membrane containing only laminin 1, but are
quiescent and well spread. At this time, they begin to express a
novel integrin receptor for this laminin, integrin α7 (Klaffky et
al., 2001). In both trophoblast cell lines and motile trophoblast
of the blastocyst, this integrin is the major receptor for laminin 1
(Klaffky et al., 2001). The novel interactions mediated by
integrin α7β1 may lead the mural TE to increase their motility
and to initiate invasion (Fig. 8A). The non-permissive nature of
laminin 1 would discourage invasion towards the embryo,
defining the direction of migration outward. As they do so, they
encounter laminin 10/11 in the uterus, promoting further
invasion. Interestingly, there is no laminin 1 present in the
uterine basement membrane (Klaffky et al., 2001), thus the
uterine basement membrane would not provide any inhibitory
signal to invasion, unlike the trophoblast basement membrane.At the blastocyst stage the trophectoderm cells interact with laminin 1 in their
ior in response to this substrate, leading them to try to decrease their contact with
B) At the late gastrula stage, the trophoblast on Reichert's membrane is in contact
omote adhesion while laminin 1 inhibits invasion in the direction of the embryo,
ntact with laminin 11 in the decidual matrix, which promotes outward, persistent
288 E.J. Klaffky et al. / Developmental Biology 292 (2006) 277–289By E7.5, Reichert's membrane, which underlies the yolk sac
placenta, contains both laminin 1 and laminin 10 (Klaffky et al.,
2001, Miner, 2004, 1936). At this point, laminin 1 may provide
a stop signal to create a boundary between embryonic and
extraembryonic regions (Fig. 8B), while laminin 10 promotes
attachment of the adjacent layer of trophoblast cells. At the
same time, interactions of the more peripheral giant cells with
increasing amounts of laminin 11 in the decidual matrix
promotes ongoing invasion and phagocytosis of the surround-
ing decidual cells, which erode the implantation site and
expands the volume of the implantation chamber (Fig. 8B).
The phenotype of the laminin α1-null mouse supports this
model for laminin effects on implantation (Miner et al., 2004).
These embryos disappear shortly after implantation, and do
not form the yolk sac placenta. Over-expression of laminin 10
is unable to compensate for the lack of laminin 1, consistent
with the unique effects of each isoform on trophoblast cell
behavior.
In summary, it is clear that trophoblast cells respond in very
specific ways to different laminin isoforms. The specificity of
the response and the precise distribution of laminin isoforms in
the embryo and the uterus may have specific and critical roles in
regulating trophoblast invasion and in the morphogenesis of the
yolk sac placenta.
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